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Sellafield nuclear siteThe 3D characterisation of geology underlying complex industrial sites such as nuclear plants is problematic due
to the presence of the built infrastructure that restricts or in some cases completely prevents access for geologists
to the subsurface environment. Outcrops are rare, geophysics surveys are often impossible (particularly at nu-
clear plants where activities such as vibroseis are frowned upon due to their effect on the infrastructure itself),
and boreholes are often the onlyway to obtain subsurface data. Yet, with sedimentary deposits in particular, geo-
technical logging undertaken to specific standards sometimesmisses key information that could have been used
to directly inform the creation of geological 3D models.
Multi-sensor core logging (MSCL) and X-ray computed tomography (XCT) undertaken on core obtained from a
boreholewithin the Sellafield nuclear plant, is used to illustrate the potential for the techniques to contribute sig-
nificantly to the creation of 3D subsurface geological models, particularly where access is restricted, such as
within nuclear industry locations. Geophysical characteristics are recorded and used to reassess and enhance
geotechnical descriptions, leading to the modification of existing unit boundaries or the creation of new ones.
A new sedimentary log was created and this was used in a comparison with existing logs and nearby historic ex-
posures, and as the basis for an illustration of industrial site to regional correlation.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Undertaking geological investigation and characterisation at com-
plex industrial sites such as nuclear power generation and reprocessing
plants is typically beset with difficulty due to the availability of good
quality, high resolution subsurface data. Suitable outcrop is either
non-existent (depending on the geological objectives), limited in extent
and coverage, or of such poor quality that it is notworth examining. Add
to that restricted access, either due to site security issues, or the fact that
the outcrop is often only revealed temporarily during the excavations
for a newplant or building, and one is limited to intrusive or geophysical
(low intrusive) methods to gain access to the geology. However, space
to drill boreholes is extremely limited, whilst the aim of reducing
costsmeans that nuclear decommissioning is often not afforded the lux-
ury of fully cored boreholes with the retention of cores for later, United Kingdom
. This is an open access article underexamination also not possible due to environmental and other
restrictions. Similarly, geophysical investigations are limited to down-
hole geophysics or techniques such as microgravity surveys and
magnetometry.
Information such as sedimentological and stratigraphic data, gath-
ered from geotechnical borehole logs generated from techniques such
as shell and auger or sonic drilling that are the mainstay of site investi-
gation at all the UK's nuclear sites (and indeed, most industrial sites
worldwide), is used to support conceptual model generation and to
input into hydrogeological models (Turner, 2006; Zhu et al., 2012).
Many 3D geological models are similar in that they are constructed to
represent the sedimentary or stratigraphic system, such that 3D sur-
faces represent sedimentary or stratigraphic boundaries (Lemon and
Jones, 2003; Smirnoff et al., 2008; Tremblay et al., 2010; Zhu et al.,
2012) although differences in techniques occur due to the use of differ-
ent interpolation algorithms (Wellmann et al., 2010; Zhu et al., 2012).
Existing methods though, are fraught with limitations and short-
comings (Zhu et al., 2012), sometimes even resulting in geologicalthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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model is either unreasonable or geologically invalid in some situations.
This can be compounded when the geological description of the bore-
hole log, typically undertaken according to geotechnical soil logging
standards such as BS5930 (British Standards Institution, 2015) or
Eurocode 7 (British Standards Institution, 2005), is less than satisfac-
tory. For example, for those with interests in the lithostratigraphic de-
velopment of an area are concerned, lithological boundaries defined
under such standards are often not sufficient for stratigraphic correla-
tion, particularly between industrial sites and regional interpretations.
Indeed, where such ties have been attempted, they have typically
been achieved using allostratigraphic principles (Rawson et al., 2002;Fig. 1. (A) Regional location map, showing geography and geological setting; (B) 3D cartoon o
ringed in red), showing location of an excavation created during MSSS construction. ((A) and
from Kuras et al. (2016)).Räsänen et al., 2009) although these rely on correct identification of li-
thologies, unit boundaries and (for sedimentary geology), on the strati-
graphic order of units, which site investigation boreholes often cannot
supply. Hill, et al., noted: “Uncertainty is ubiquitous in natural hazards.”
(Hill et al., 2012, page 4), but in order to reduce uncertainty, we need to
understand the geology in high resolution and its regional continuity in
three dimensions, yet we cannot do this at present due to the complex-
ity and nature of glacial soils/sediments within in the confines of stan-
dard logging practice.
Geophysical low intrusive techniques such as multi-sensor core log-
ging (‘MSCL’ - Fresia et al., 2017), where sensors (e.g. non-destructive
gamma-ray attenuation to measure bulk density, continuous P-wavef glacial setting (Stage 8 of Merritt and Auton, 2000); (C) 3D detail of ERT boreholes (BH7
(B) modified from Merritt and Auton (2000) and Smith and Merritt (2008); (C) modified
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drill site, may also address some of these issues and be particularly ap-
plicable to industrial sites where geological exposure is limited, improv-
ing geological understanding by increasing the resolution far beyond
that achievable by traditional methods (e.g. studies by Fellgett et al.,
2019; Gupta et al., 2019). Indeed, as Fresia, et al., (2017) note, if many
boreholeswere logged using high-resolution,multiparametermeasure-
ments, then the 3D lithological understanding could also be improved. A
combination of sedimentological logging (to a standard higher than the
current logging standards), geotechnical information and geophysical
data could vastly improve both site investigation and local, regional
and national geological interpretations. This paper describes the appli-
cation of such sensor and photonics technology to the logging and 3D
geologicalmodelling of Quaternary-aged superficial geology underlying
Sellafield nuclear site.
2. Study area and geological setting
Sellafield nuclear site is located approx. 5 km south of Egremont on
the narrowWest Cumbrian coastal plain between the Irish Sea and foot-
hills of the Lake District National Park (Fig. 1). Geologically the site lies
partially on bedrock of the Mesozoic Sherwood Sandstone Group
(Jones and Ambrose, 1994; Barnes et al., 1994; Akhurst et al., 1997;
Kuras et al., 2016) and partially on overlying Quaternary aged,
glacially-derived sediments deposited during themain Devensian glaci-
ation, and subsequent oscillations of the margin of the Irish Sea Ice
Stream (Busby and Merritt, 1999; Merritt and Auton, 2000). Nearby to
the east, the foothills of the Lake District National Park are formed of
volcaniclastic rocks of the Borrowdale Volcanic Group, and fine-
grained, weakly metamorphosed, sedimentary rocks of the Skiddaw
Group (Akhurst et al., 1997). These rocks form basement under the
West Cumbria coastal plain.
The Quaternary history of West Cumbria has been relatively well
established through studies associated with the aborted Nirex investi-
gations and on-going studies associated with the Sellafield and Low-
level Waste Repository (LLWR) nuclear sites. It is generally agreed
that the mountains of the Cumbrian Lake District the last major ice
sheet glaciation took place during the Late Devensian Dimlington
Stadial (28–13 ka). Tills containing granite and greywacke erratics de-
rived from the Southern Uplands (Trotter, 1929; Trotter et al., 1937;
Eastwood et al., 1931; Huddart, 1970, 1971a; Huddart, 1971b;
Huddart, 1977, Huddart, 1991; Huddart, 1994; Huddart and Tooley,Fig. 2. Schematic cross section along line A (Fig. 1) – section1972; Huddart and Clarke, 1994; Letzer, 1981) occur towards the base
of and higher in the sequence, indicating the movement of Scottish ice
southwards into parts of the Cumbrian lowlands before the main Late
Devensian glaciation, and the encroachment onto the coastal plain dur-
ing the main Late Devensian glaciation (Merritt and Auton, 2000). Fol-
lowing this the Scottish Ice sheet underwent a number of glacial
readvances (Trotter, 1922, 1923, 1929; ; Trotter and Hollingworth,
1932; Trotter et al., 1937; Huddart and Tooley, 1972; Merritt and
Auton, 2000) depositing glaciofluvial and glaciomarine sediments
which were overridden by ice, depositing thin veneers of diamictons
(Nirex, 1997; Merritt and Auton, 2000) including deformation tills
(Benn and Evans, 1998).
The sediments deposited onshore in the West Cumbria area during
the main Irish Sea Ice glaciation and the two identified readvance epi-
sodes typically comprise clay-rich diamictons (tills - Benn and Evans,
1998), separated by glacially-derived outwash sands and gravels, and
lacustrine silts and laminated clays typical of an ice-margin sandur or
ice-dammed lakes (Merritt and Auton, 2000), with the formal Quater-
nary lithostratigraphy defined by the latter.
Most recently, Cross et al., 2018) utilised the above understanding to
support work investigating the susceptibility of the glacigenic deposits
at Sellafield to liquefaction under seismic loading conditions. However,
geological interpretation of Kuras et al. (2016) of the vicinity of the
borehole used in this study, represents the possibly first description of
Sellafield site geology in published literature, and utilised a simplified
description of superficial geology based on correlating bulk lithologies.
Description and subsequent correlation of units took into account depo-
sitional processes (i.e. lithofacies recognition, sensu Rawson et al.,
2002), identification of erosion-bounding surfaces (sensu Miall, 2006)
and an understanding of regional geology from published literature (al-
though final correlation was based on recognition of lithological pat-
terns (Smith et al., 2008; Kessler et al., 2009)). The defined
lithostratigraphic outline is illustrated in Fig. 2which shows a schematic
lithostratigraphic correlation between locations in the vicinity of
Sellafield site, comprising several natural or quarried exposures river
cliff locations and a small number of boreholes (see Fig. 1 for locations).
As shown, the geology comprises an alternating series of clay rich
units (aquitards) interpreted as glacial tills, separated by outwash
sands and gravels. For groundwater and subsurface contaminant
modelling at Sellafield site, the lateral continuity and extent, and the lo-
cation of upper and lower boundaries of the aquitards are all of interest
since better definition of thesewould allow higher resolution validationand borehole information from (Browne et al., 2000).
Fig. 3. Schematic borehole correlation panel for ERT boreholes created using geotechnical
log (AGS) (units defined from bulk lithologies - grey = made ground; brown = clay;
blue = gravel/sand & gravel; ivory = sand; yellow = silt) (horizontal: to scale).
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certainties, a detailed examination of core from borehole BH7 within
Sellafield site was undertaken using low-intrusive geophysical core ex-
amination techniques including multi-sensor core logging and XCT de-
ployed in an onsite mobile laboratory. The high-resolution
information gathered from this is was converted into a full sedimentary
graphic log which was then compared to a lithological log developed
from the original BS5930/Eurocode 7 geotechnical log in order to assess
changes to boundaries, lithological descriptions and resolution.
3. Using geotechnical logs as the basis for 3D geological modelling
3D geological models typically form the basis of hydrogeological
models (Smith et al., 2008; Velasco et al., 2013). As shown in Fig. 3, bore-
hole correlation panels can be created from borehole log descriptions.
Often some rationalisation is required, for instance with units defined
according to a simplification to bulk lithologies (e.g. CLAY, SAND,
GRAVEL and SILT, sensu Rawson et al., 2002), which are obtained from
geotechnical log descriptions, and ignoring all additional description.
Unit boundaries are set by the original logged boundaries, providing
correlatable units that start to resemble a glacial sequence of tills and
outwash sands and gravels. However, the correlation shown in this
panel and the resulting 3D model appear to bear only passing resem-
blance to the regional lithostratigraphic outline defined by Merritt and
Auton (2000), such as is illustrated in exposures in beach cliffs
on theWest Cumbrian coast, which exemplifies the difficulties of corre-
lating the Quaternary sequence within the Sellafield site to the
lithostratigraphic outline outside.
The difficulties are compounded by the almost complete lack of ex-
posure of any part of theQuaternary sequencewithin the site. Tradition-
ally, site investigations within Sellafield nuclear site have been
undertaken for construction or environmental monitoring purposes,
and have involved the drilling of boreholes and the excavation of
small trial pits. The latter provide some useful information, they invari-
ably penetrate only the shallow sub-surface, often to nomore than 5 m
below ground level, and most of the exposure is of made ground (of
which, as would be expected for such a complex industrial site, there
is a not inconsiderable thickness). Excavations for construction of plants
and buildings within the site have not usually afforded the opportunity
to provide exposure suitable for geological study (as is often the case
with industrial site investigation), leaving boreholes and trial pits as
the predominant data source. At Sellafield, trial pits rarely penetrate
below the not inconsiderable thickness of made ground that almost
covers the whole site, so an excavation during construction of the
Magnox Swarf Storage Silo (MSSS) at Sellafield site in the late 1970s
afforded a temporary exposure of approximately 20m thickness of Qua-
ternary aged glacial sediments of which a number of sparsely annotated
colour photographs provide useful geological information.
4. Multi-sensor core logging (MSCL) and X-ray computed tomogra-
phy (XCT)
Multi-sensor core logging (MSCL) has been deployed for several
decades and is particularly useful where downhole geophysics can-
not be deployed (e.g. when drilling in deep water). C and M
Schlumberger created the first geophysical log using electrical sensor
arrays deployed down a borehole in 1929 (Goldberg, 1997), and by
the 1960s techniques were being developed to log marine core
using non-destructive gamma-ray attenuation to measure bulk den-
sity (Evans, 1970; Preiss, 1968). The processes were automated to a
degree in the 1970s (Boyce, 1973) whilst the addition of further in-
struments obtaining data such as continuous P-wave velocity and
magnetic susceptibility logs created a multi-sensor core logging
(MSCL) system (Schultheis and McPhail, 1989; Schultheiss and
Weaver, 1992). Natural gamma radiation (NGR) was first studied by
Joly (1909), Faul (1954) and Adams and Gaspririni (1970) withmost procedures developed by the petroleum industry for borehole
logging applications (Brannon and Osaba, 1956; Killeen, 1982;
Flanagan et al., 1991), or for the purposes of deep borehole research
(e.g. the system developed by Vasiliev et al., 2011), whilst the mining
industry developed similar systems for prospecting uranium from
airplanes (Lovberg et al., 1972; Gunn, 1978; Dickson et al., 1981;
Gratsy et al., 1985). presented the first account of a device and
procedures to measure NGR routinely on long sediment cores and
perform spectral data analyses and NGR is now a regular feature of
MSCL. Aside from lithological characterisation, additional applica-
tions have been developed, including the characterisation of
mineralisation and hydrothermal alteration (Fresia et al., 2017), lead-
ing to further developments including visible and near infrared spec-
troscopy and portable X-ray fluorescence (pXRF) (Herrmann et al.,
2001; Gazley et al., 2014; Yang et al., 2011; Durance et al., 2014;
Fisher et al., 2014; Gazley and Fisher, 2014; Le Vaillant et al., 2014).
More recently, as a result of improvements in technology, X-ray com-
puted tomography (XCT), originally developed as a medical imaging
technique (Hounsfield, 1972, 1973), has been utilised for the 3D
Fig. 4.MSCL-XCT andMSCL-S instrumentation and field deployment set up: (A) and (B) containerisedmobile laboratory; (C) XCT (X-ray Radiographs and X-ray CT); (D)MSCL-S (natural
gamma, gamma density, electrical resistivity, magnetic susceptibility, P-wave velocity).
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rials such as rocks, soils and fossils (Petrovic et al., 1982; Haubitz
et al., 1988; Cnudde and Boone, 2013; Ketcham and Carlson, 2001;
Mees et al., 2003). The technique has seen further application with
examination of borehole core in order to understand 3D textural re-
lationships (e.g. in ore geoscience) (Becker et al., 2016; Jardine
et al., 2018)
MSCL-XCT data also provide lithological information, whilst visual
examination of XCT radiographs provides information about sedimen-
tary and deformation structures. Whilst some of these features may be
present to the naked eye, the disturbed nature of the outside of the
core resulting from its extraction from the borehole and the liner
means it is simply not possible to obtain information to the resolution
that MSCL-S and XCT will allow.
5. Materials and methods
5.1. Materials
The study utilised core obtained from one of six deep boreholes
drilled as part of a project designed to monitor contaminant plumes in
groundwater beneath the Magnox Swarf Storage Silo (MSSS) at
Sellafield nuclear sites in the UK. A full description of the boreholes
drilled is provided in Kuras et al. (2016). This study is based on core ob-
tained from borehole BH7whichwas drilled between August and Octo-
ber 2012, using rota-sonic drilling to penetrate a thin veneer of artificial
made-ground and just under 40m of glacially-derived superficialmate-
rial, before bottoming out in Triassic-aged bedrock of the Wilmslow
Sandstone Formation (Sherwood Sandstone Group). Core was exam-
ined and logged behind a barrier system (as per safety procedures
within that part of Sellafield site), before being transferred to a mobile
MSCL laboratory stationed close to the borehole within the barrier
system.
The study utilised a multi-sensor core logging ‘Geotek MSCL-S' in-
strument and cabinet-based X-ray Computed Tomography (XCT) in-
strument combination installed in a mobile laboratory (Fig. 4A and B),
operated by Geotek personnel.5.2. X-ray computed tomography (XCT)
The cabinet-based XCT instrument (Fig. 4 C) uses 2D transmission of
X-rays through the sample (in this case a borehole core) at multiple an-
gles to create a 3D volume. This is then ‘sliced’ vertically to produce ‘core
slices'. These radiographs provide images from the core as if it was sliced
vertically and one was able to view the cut face of the slice. CT data was
acquired over geologically interesting areas of the core, with radio-
graphs at multiple angles acquired from all samples.
All X-ray images are positive (i.e. dark objects are denser), which is
the inverse of medical X-rays. Image resolution of the initial 2D radio-
graphs is ~100 μm. Image resolution of the CT from the combined 3D
volume data is ~200 μm.
5.3. MSCL-S
MSCL-S (Fig. 4 D) is a non-destructive petrophysical and geochemi-
cal core logging platform that can acquiremeasurementswithout direct
contact with the sediment core. This means core can be examined
through a core liner. This is particularly useful for nuclear sites where
regulatory and space restrictions may mean that extraction of the core
itself from the liner is impossible. The MSCL-S instrumentation gathers
the following data:
• Natural gamma - represented here by a line graph coloured pink un-
derneath the line
• Normalised gamma: represented by a dashed pink line
• Resistivity: represented by a colour coded filled graph, with dark blue
for 0.1 Ohmm) red for 100 Ohm m.
• Density: red line graph (1-3 g/cc)
• Fracture porosity: (0–1) blue line graph
6. Lithological characteristics from BH7 MSCL-S and XCT data
A comparison of MSCL-S and XCT data with borehole descriptions
and published information, including literature on the regional
Fig. 5.MSCL and X-ray characteristics of clay-rich diamicton (till) lithologies within BH7 (1 m–6 m BGL – see Fig. 8 for vertical location).
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geophysical characteristics which are described here.
6.1. MSCL and X-ray characteristics of clay-rich diamicton (till) lithologies
The lithological characteristics of glacial till exposed in West Cum-
brian coastal outcrop have been well described by Merritt and Auton
(2000), Akhurst et al. (1997) and authors of commercial reports (e.g.
Smith and Cooper, 2004). Key characteristics identified from field expo-
sures and boreholes include the presence of clay either as the main li-
thology or as a matrix supporting other lithologies including gravel
and silt; poorly-sorted angular-grained gravels and sharp basal and
top contacts typical of erosive sequences (Merritt and Auton, 2000). In
deformation tills, the latter also note the presence of penetrative
glacitectonite features within sediments directly underlying till units,
including a high degree of compaction and shear fractures permeating
up to 1 m below the low boundary of a till. Smith (2009) identified a
penetrative glacitectonite beneath an extensive brown/grey till unit
within the excavation for a disposal vault within the Low Level Waste
Repository site, which includes slivers and lenses of clay present within
30 cm of the lower boundary of a deformation till. Tills typically contain
clasts representative of geology the glacier has travelled over. For exam-
ple, clasts of Lake District rocks from units such as the Borrowdale Vol-
canic Group (BVG) are found in tills derived from Lake District Glaciers
(e.g. the Holmrook Till Member), whilst those deposited by the Scottish
Ice Sheet are characterised by the presence of Scottish rocks such asgranite fragments from the Southern Uplands (Akhurst et al., 1997;
Merritt and Auton, 2000).
Examination of the geophysical data compared with the core de-
scriptions shows that clay-rich, stony diamicton (till) lithologies present
within BH7 possess an array of MSCL characteristics that reflect their
composition anddepositional environment, leading to the identification
of three lithofacies. Key characteristics include: (a) a low-to-medium
natural gamma count, corresponding to the findings of (Cripps and
McCann, 2000); (b) a high magnetic susceptibility (Robinson, 1993);
(c) low-to medium resistivity; and (d) a relatively high density (with
a corresponding low porosity), but with a spikey and variable density
signature. The X-ray radiographs provide evidence of pure and lami-
nated clays but gravel-rich clays predominate, with clasts ranging in
size from a few millimetres to several centimetres, and in shape from
angular to rounded, with most clasts being angular.
The high magnetic susceptibility (Fig. 5(A)) may be an indication of
the composition of gravel clasts if they are present, but is much more
likely to indicate clay matrix which has magnetic elements such as
iron presentwithin the claymineralogy (Robinson, 1993). Themagnetic
susceptibility profile changes: abruptly wherever there are abrupt
changes in density, indicating changes in material composition, such
as variations in clay content from a till to an outwash unit, or gradually,
for instance, when gravel clast size changes through a unit, or in the
presence of sedimentary structures (Robinson, 1993).
The spikey and variable density signature itself (Fig. 5(B)) results
from the gamma beam passing through heterogeneous gravels.
Fig. 6. (A) X-ray computed tomography (XCT) image of clay-rich diamicton core from2 to 2.3mBGL in BH7 (see Fig. 8 for vertical location), Sellafield nuclear site – note clasts and clay rich
matrix (as indicated in MSCL data); (B) clast long-axis orientations plotted. Grey shading indicates clasts of different lithology to majority of clasts; (C) microfabric domains plotted
(green = S1 domain; light blue = S2 domain); (D) interpretation with XCT image removed – note microclast fabric lines (purple dashes), arcuate to linear grain aggregate, sometimes
wrapped around larger clasts. S1 fabric is overprinted by S2 fabric. NB large yellow arrows indicate cracks and fractures that probably formed during drilling, and a zone of rotated
clasts with long axes rotated so they are vertically aligned, which may also have formed during drilling.
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with little clay present, and low for clay-rich sediments (the high
amount of water present in the pore structure increasing electrical
conductivity) (Gunn and Best, 1998), and the evidence supports
this with a low to medium resistivity profile, relative to the resistiv-
ity profile for gravel (Fig. 5(C)).
However, it is the X-ray radiographs that have a real visual impact.
For example, in Fig. 5(D) the shapes of gravel clasts are obvious, en-
abling one to define both angular and rounded clasts, as is the poorly
sorted nature of the sediment, both of which are typical of a till
diamicton (Benn and Evans, 1998). Angular clasts appear to dominate
however, also reflecting the nature of the highly visible sharp basal
and top contacts typical of erosive sequences, are visible within the X-
ray radiograph (Fig. 5(E)). These correspond to abrupt changes in mag-
netic susceptibility, density and resistivity, and almost certainly also
represent abrupt changes in sediment type and material composition
(e.g. clay or gravel mineralogy). It is also important to note that the
greyscale values of the X-ray images reflect changes in density, with
dark colours representing high density.
There is no P-wave profile, which is assumed to be due to a combina-
tion of attenuation of the signal resulting from cracks within the sedi-
ments (e.g. yellow arrow in Fig. 5), the orientation of which suggests
formation during drilling, and the high frequency of the signal, although
the casingmay also attenuate the signal on its way to the core. Gravelly
lithologies can also cause some interference when there are many pres-
ent within the samples (Schultheis and McPhail, 1989).
The X-ray radiographs are also very useful for imaging sedimentary
structures such as lamination and cross-lamination, which provide
extra information for correlation purposes, and even information useful
in the assessment of sedimentary architecture (actually part of this
study but not addressed in this paper).6.1.1. Deformation within subglacial tills
Over the years of study there has been much discussion of whether
or not the clay-rich sequences penetrated by boreholes within and in
the vicinity of the Sellafield nuclear site are "tills" per se (i.e. deposited
sub or supra-glacially) or simply clays deposited in ice-dammed, glacial
lakes located in an ice-marginal trough or sandur.
The identification of angular clasts within a clay rich matrix on XCT
images (Fig. 5(E)), provide additional evidence to the observations re-
corded on the geotechnical logs, and the interpretation of MSCL data,
that the lithology at 2mBGL in BH7 (for example) is almost certainly a
diamicton, or till. However, although several types of till have been
noted in the west Cumbria region, including subglacial deformation
tills, melt-out tills and lodgement tills (Merritt and Auton, 2000),
there could be an argument that some of these are lacustrine, and that
the gravel has arrived via glacial outwash.
Subglacial diamictons have often undergone several phases of defor-
mation through either several multiple deformation events
representing separate pulses of ice advance and retreat, or a single pro-
gressive event relating to a single phase of ice advance (Phillips et al.,
2011). The latter authors developed a methodology for the recognition,
analysis and interpretation of the interrelationships between the vari-
ousmicrostructures developedwithin diamictons, based on the applica-
tion of structural geology techniques and nomenclature undertaken by
a number of authors (Phillips and Auton, 2000; van der Wateren et al.,
2000; Phillips et al., 2007; Denis et al., 2010). Here, the samemethodol-
ogy is applied to XCT images of glacial diamicton within the BH7 core,
utilising the XCT image as if it were a thin section. The whole XCT
image in Fig. 6 is of comparable size to the thin sections described by
Phillips, et al., (2011), although the resolution is poorer, it does provide
the basis for interpretation of a plane within the core itself, and whilst
the actual orientation of the image relative to the location of the
Fig. 7.MSCL and XCT features of glacial outwash lithologies. E(i) = planar cross bedding; E(ii) = trough cross (yellow arrows indicate fractures produced during coring) (see Fig. 8 for
vertical location).
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unequivocally that the deposit is a deformation till.
In Fig. 6(B), long axes of clasts are plotted onto the image, as per Phil-
lips, et al., (2011). Clasts of different colouration are an indication of dif-
ferent minerals, highlighting potentially different provenances. Yellow
arrows show fractures that probably developed during drilling as sug-
gested by their orientation.
The relative orientations of 108 clast axes have been plotted on a
rose diagram illustrating the presence of two microfabric domains.
Clast microfabrics are indicated by purple dashed lines in Fig. 6(C),
whilst rare arcuate to linear grain aggregates (some of which wrap
around larger clasts) are indicated by red dashed lines. Microfabric do-
mains are shaded in light green and light blue. Examination of the two
shows that the blue shaded domain (S2 fabric) overprints the green
(S1) fabric, suggesting the deformation event that caused structures in
S2 occurred later than those in S1. Fig. 6(D) removes the underlying
XCT image, enabling better examination of these features. It is also pos-
sible to identify small crenulation folds within the S1 fabric, and axial
surfaces (represented by black dotted lines) are shown to be parallel
to the S2 fabric, suggesting the folds formed during formation of that
fabric. Orientations of fabrics and folds show that the relative age rela-
tionship between clast microfabrics is “D2”. Following the approach of
Phillips, et al., (2011), it is also possible to note that the S2 microfabric
is spaced, irregular and anastomosing, with an irregular shape and a
spacing of 50,whilst the S1 fabric is spacedwith a smooth or continuous
foliation (Phillips et al., 2011).
The ratio of clast to matrix indicates a matrix-supported till, which
would have enabled a relatively high fabric intensity due to the open
packing of clasts allowing them to rotatemore easily. As the till progres-
sively dewatered, clast rotation was gradually impeded, leading to a
stiffening of the till. However, although dewatering occurred, watersaturation was maintained by the impermeable nature of the clay-rich
matrix (as indicated by theMSCL data described above)which inhibited
intergranular pore water flow (van der Meer, 1993, 1997), meaning the
stiffening effect actually took some time to occur, resulting in a well-
developed S1 and S2 fabrics, emplaced during variations in ice
movement.
Although only one XCT image is shown here, three images with ori-
entations at 45o to each other, were actually available, offering potential
for a full 3D reconstruction of the original dip and strike of fabrics using
(for example) lower hemisphere stereographic projection, as proposed
by Phillips, et al., (2011).
Thus, even from a single orientation XCT image there can be no
doubt about the interpretation of the unit as a subglacial deformation
till (sensu Benn and Evans, 1998), but as the above shows, further inter-
pretation is possible, leading to a greater understanding of depositional,
structural and stratigraphic evolution. This is important, because subse-
quent correlation with interpretations from other boreholes can con-
tribute greatly to 3D geological modelling of similar lithologies or
lithofacies.
6.2. MSCL and X-ray characteristics of glacial outwash lithologies
MSCL-S andXCT-radiograph features that are characteristic of glacial
outwash lithologies are shown in Fig. 7. Within MSCL data, borehole
core with a very low natural gamma profile (Fig. 7A) indicates sedi-
ments with a lower clay content (Cripps and McCann, 2000), a typical
feature of outwash sediments where the clay has been washed out
(Benn and Evans, 1998). Quartz (a key component of silty and sandy
outwash lithologies) is diamagnetic, which means its presence reduces
the magnetic field strength sensed by the magnetic susceptibility sen-
sor, so a low magnetic susceptibility is a good indication that sandy
Fig. 8. Fully revised graphic sedimentary log for BH7 (note rectangles showing locations for Fig. 5 [red], Fig. 6 [yellow], Fig. 7 [black dashed] and Fig. 11 [black solid]). Note how this aids the
transition from the first correlation (Fig. 3) to the revised version in Fig. 10, and how this aids interpretation of geological history as per Fig. 9.
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which is typically clay-rich).
Silts, sands and gravels typically produce a low-density profile, so al-
ternating sequences of low and high density (Fig. 7B) representing in-
terbedded less-dense and dense laminae, with the latter probably due
to an increase in clay/silt within pore space. It is likely these represent
higher-energy, sand or gravel units (less dense), interbedded with
lower energy, silt or clay units. An overall downward reduction ingamma, density (Fig. 7A) andmagnetic susceptibility, results from a de-
crease in grain size from top to bottom, indicating a coarsening-
upwards sequence and vice versa.
The XCT-radiograph captures sedimentary structures such as planar
and trough cross bedding (Fig. 7E (i) and (ii) respectively), whichwhen
viewed in 3D can provide an even better assessment of the 3D sedimen-
tary architecture. The high-resolution nature of the MSCL and XCT
image data here enables far more precise determination of contacts
Fig. 9. (A) Simplified log for BH7 showing depositional cycles represented by glacial advance/retreat sequences, and interpretations of the main components of each sequence; (B) and
(C) 3D interpretation showing how the interpreted log can provide information on the 3D depositional environment (here showing how outwash sequences were likely to have been
deposited in prograding and retrograding fans within an ice-marginal trough or sandur.
10 N.T. Smith et al. / Journal of Applied Geophysics 178 (2020) 104084than the traditional geotechnical log allows, leading to a firm identifica-
tion of thinner units not possible through examination of core from gla-
cial sediments with the naked eye.
7. Graphic sedimentary log
Based on the geophysical characteristics described above it is possi-
ble to identify similar features within the whole MSCL-S and -XCT
dataset for the full extent of the cored sections of BH7. This information
has been used to update the existing geotechnical log descriptions, re-
define boundaries between lithological units, and identify new litholog-
ical units (and thus identify new boundaries between units). The new
lithological descriptions are muchmore descriptive than those requiredunder the geotechnical site investigation standards, being more like
those that form the basis of sedimentary graphic logs. In fact, it is the lat-
ter that can (i) help better identify the laterally extensive and (poten-
tially) laterally continuous interfaces that form sequence and other
boundaries, which oftenmark the tops or bases of the permeable or im-
permeable layers that are so critical to groundwater movement (Lemon
and Jones, 2003); and, (ii) enable more geologically valid correlation of
lithostratigraphic units. Correlation of these units and surfaces from
borehole to borehole enables the creation of 3D/4D geological models
that are much more valid in terms of hydrogeological modelling
(Lemon and Jones, 2003).
A new graphic log for BH7 has been developed (Fig. 8) utilising the
data and interpretation developed during this study. A number of
Fig. 10. (A) Original borehole correlation panel based on identification of bulk lithologies; (B) original lithology log for BH 7, based on bulk lithology descriptions from BS5930/Eurocode7
geotechnical log description; (C)modified lithology log for BH7 created using updated geotechnical log descriptions obtained fromMSCL & XCT descriptions, showing better defined units
and bounding surfaces; (D)modified log reinserted into borehole correlation panel (dashed lines= previous unit-bounding surfaces – note how unit boundaries have changed compared
to (A)). Note mapping of glacial advance / retreat cycles (represented by Sequences 1 to 4) onto borehole panel erosion surface unit boundaries.
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quence of repeating cycles (four in total), each one of which is
characterised by a lower sequence of clay-rich diamictons (see also
Fig. 3, Fig. 9A, Fig. 10 and Fig. 11) overlain unconformably by an upper
sequence of dominantly glacio-fluvial lithologies comprising repeated
fining-upwards cycles of coarse-grained (up to boulder-sized) gravels
overlain by sands and finer silts (Fig. 9A). Glacio-fluvial sequences rep-
resent outwash deposition during glacial retreat or deglaciation (Smith,
1932), withmuch coarsermaterial representing proximal (upper) parts
of an alluvial fan systemdepositingmaterial over a sandur at the head of
a glacier, whilst finer materials represent more distal (lower) parts of
the fan system (Miall, 2006; Thomas et al., 1985; Thomas and
Chiverrell, 2007).
The clay-rich, coarse-grained diamictons of the lower parts of
each fining-upwards cycle contain coarse, angular clasts and evi-
dence of structural deformation and are typical of subglacial defor-
mation tills (sensu Benn and Evans, 1998). Based on geophysical
information it was also possible to subdivide some of the till units
into lower, middle and upper units comparable to those identified
by authors such as (Larsen and Piotrowski, 2003). These probably
formed in comparable ways to models of (Boulton and Jones, 1979;
Boulton and Hindmarsh, 1987; Hickock and Dreimanis, 1992; Benn,
1995; van der Wateren, 1995; Larsen and Piotrowski, 2003).Although the log in Fig. 8 represents a single vertical section through
the glacial succession, the fact that each lithofacies is likely to vary later-
ally in lithofacies means that it can provide a useful guide as to the 3D
and even 4D lithostratigraphic evolution of that particular area within
Sellafield site, thus providing further useful information for incorpora-
tion into 3D geological and hydrogeological models at site. The four cy-
clic depositional sequences are clear in Fig. 9(A): Sequence 1
comprises a thin lodgement till at its base, resting directly on
Triassic-aged sandstone bedrock of the Sherwood Sandstone
Group (Smith and Cooper, 2004). This unit is reminiscent of the
Lowca Till Member a lodgement till identified at the base of the cliffs
at St Bees (Browne et al., 2000; Merritt and Auton, 2000)). Over this
lies a coarsening upwards sequence of silts, sands and gravels
interpreted as lower outwash fan deposits overlain by mid outwash
fan deposits sensu Thomas and Chiverrell (2007) and illustrated by
(1) in Fig. 9(C). Sequence 2 comprises a subglacial till, which has
been divided into three sub-lithofacies sensu Larsen and
Piotrowski (2003) and is illustrated by Fig. 9 (2). This is overlain
by coarse grained gravels and sands interpreted here as upper out-
wash fan deposits. Similarly, Sequence 3 comprises sub-glacial till
overlain by medium to coarse-grained sands and gravels. The latter
probably represent upper outwash fan deposits at the base and mid
outwash fan deposits towards the top (i.e. the sequence is reversed
Fig. 11. Units of glacial material exposed in excavation during the construction of MSSS: (A) whole exposure – note view is panoramic – see Fig. 1(C) for locations); (B) detail of
deformation clay and penetrative glaciotectonite in underlying sand (C) detail of thick clay – laminations are likely to be a fabric rather than depositional laminations (NB: please see
yellow rectangle on Fig. 8 for approximate location with respect to sequence penetrated by BH7).
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retrograding or retreating outwash fan system. Sequence 4 com-
prises three sub-units of subglacial deformation till sensu Larsen
and Piotrowski (2003). The remainder of Sequence 4 is missing, pre-
sumed eroded or not deposited.
This exercise is useful because (a) it presents a repeating set of cy-
clic sequences that are likely to be present certainly in the immedi-
ate vicinity of BH7 within the site, thus allowing the geological 3D
modeller a framework of possible units and unit boundaries to look
for within geotechnical logs, and to base correlation upon, and
(b) it provides a suggestion of the probable depositional evolution
of the location, that can be taken much further. These are discussed
in Section 8.
8. Discussion
8.1. Use of MSCL and XCT data for assessment and modelling of potentially
contaminated land in poorly exposed industrial locations
The previous section illustrates howMSCL and XCT data can provide
the basis for more accurate and geologically valid lithological descrip-
tion of borehole core, including a far more reliable identification of
boundaries between lithological units, and thus, even on their own, a
geologically valid basis for correlation from borehole to borehole (as-
suming a similar approach has been undertaken for other boreholes)
can be made. Units are now bounded by erosion surfaces identified
using geophysical evidence, rather than by estimating where a surface
may lie between the locations of samples extracted from the borehole.
Correlation is made easier by the definition of four cyclic glacialadvance/retreat sequences, the application of which to the other bore-
holes in the study is considered reasonable considering their closeness
(Fig. 1). Nearly all the unit boundaries have been modified (moved)
and since some lithological units have been redefined new unit
bounding surfaces (unit boundaries) have been created. Fig. 10
(A) illustrates the borehole correlation panel created by correlation of
units defined according to bulk lithology, utilising descriptions which
are themselves based on BS5930/Eurocode 7 (British Standards
Institution, 2015) (British Standards Institution, 2005). Borehole 7 is
also shown in Fig. 10(B) to illustrate the redefinition of lithological
units and unit bounding surfaces that interpretation of MSCL and XCT
data has allowed (as shown in Fig. 10(C)). The application of the new
borehole log to the correlation panel is shown in Fig. 10(D). Original in-
terpretation lines are shown as black dashes, with new interpretations
shown in continues black lines (dashed purple lines represent the
base/top of each of the cyclical sequences 1 to 4.
Whilst this is one of perhaps several interpretations, it is immedi-
ately clear that (a) the four cycles can be applied to the sequence
represented by the correlation panel, but that (b) the interpreted
boundaries for the other boreholes in the panel may be suspect,
which is something that examination of MSCL/XCT data could signif-
icantly address.
8.2. Application of MSCL/XCT interpretation to study of regional geological
history
In the late 1970s a photographic recordwasmade of the geology ex-
posed by an excavation dug during construction of foundations for the
MSSS. Although somewhat hindered by the resolution, it is possible to
Fig. 12. Revision to geological section along Line A (shown in Fig. 2), incorporating new interpretation from BH7.
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An upper sub-glacial till is likely to correspond to the uppermost subgla-
cial deformation till identified on the graphic log (forming the lowest
and only unit present in glacial advance/retreat Sequence 4 (see
Fig. 11A). Underlying gravel and sand units correspond to glacial out-
wash deposits overlying another subglacial till and forming cyclic Se-
quence 3, whilst the deformed and undeformed sand underlying this
unit forms the top of cyclic Sequence 2 (see also Fig. 8).
These interpretations can also beused to update or confirm interpre-
tations of regional geological history is illustrated in Fig. 12. Here the
new BH7 log is slotted into the schematic Line A section shown previ-
ously in Fig. 2. The interpretation has required little in the way of mod-
ification, with the new log appearing in fact, to confirm it. However,
there is much unused information within the MSCL and XCT data that
could be applied, for example, to a much more extensive treatment of
sedimentary architecture than can be provided within the scope of
this paper.9. Conclusions
Borehole core obtained from a borehole drilled through Quaternary-
aged, unconsolidated, glacially-derived sediments within the Separa-
tion Area of Sellafield nuclear site (one of the boreholes drilled for the
project described by Kuras, et al., (2016), was analysed on-site using
Geotek's mobile multi-sensor core logging (MSCL) and X-ray computed
tomography (XCT) laboratory. Geophysical logs comprising natural
gamma, resistivity, magnetic susceptibility, density and fracture poros-
ity, along with XCT images of the core, obtained in three orientations,
were examined and compared to lithological log descriptions to develop
an understanding of the geophysical characteristics of the succession
and to provide revised log descriptions to a higher resolution than pos-
sible under national and international geotechnical standards. Utilising
the geophysical logs, lithological unit bounding surfaces were identified
with much improved accuracy, and combined with revised log descrip-
tions to produce a detailed graphic sedimentary log.
A comparison of this with (i) geotechnical logs of the other bore-
holes created as part of the 2016 study (Kuras et al., 2016) and (ii) re-
gional boreholes and outcrops already described using the
lithostratigraphic outline of (Merritt and Auton, 2000) provides the fol-
lowing conclusions:(a) Core analysis usingMSCL and XCT could vastly improve borehole
correlation and thus reduce uncertainty 3D geological subsurface
models for complex industrial sites where geological exposure is
poor.
(b) The improved interpretation can be used to tie to regional inter-
pretations which (in the case of Sellafield nuclear site) has
proved difficult, if not impossible.
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